INTRODUCTION
============

In skeletal muscle cells, the highest ability for glucose transport is accomplished via the insulin-responsive glucose transporter 4 (GLUT4) between intracellular storage compartments with the plasma membrane; therefore this pathway is crucial for maintaining glucose homeostasis ([@b6-ajas-26-11-1529-4]; [@b26-ajas-26-11-1529-4]). As the members of TBC1 domain protein family, AS160 (also known as TBC1D4) and TBC1D1 have been implicated in regulating glucose transport as the Akt substrates in skeletal muscle ([@b25-ajas-26-11-1529-4]; [@b8-ajas-26-11-1529-4]). The TBC1D1 holds two partial or full phosphotyrosine-binding (PTB) domains at the N-terminus, which is typically involved in regulation of cellular location post-translation ([@b14-ajas-26-11-1529-4]). Near the C-terminus, a complete TBC (Tre-2/BUB2/Cdc16) domain is known for its Rab (a cellular co-factor) GAP activity and regulation of Rab family small molecular weight GTPases ([@b28-ajas-26-11-1529-4]). Previous studies showed that TBC1D1 regulated GLUT4 translocation through its GAP activity as AS160, in which, the insulin-stimulated phosphorylation of this protein on Akt identified sites led to suppression of its GAP activity and induced the GTP form elevating of the critical Rab, the activation of the Rab triggers then moved to, and/or docked with the plasma membrane of GLUT4-containing vesicles ([@b21-ajas-26-11-1529-4]; [@b33-ajas-26-11-1529-4]). Other related studies also suggested that TBC1D1 may regulate glucose transporter 1 (GLUT1) expression through the mammalian target of rapamycin (mTOR)-p70 S6 kinase pathway in adipocytes ([@b36-ajas-26-11-1529-4]).

The polymorphisms of *TBC1D1* gene may affect the insulin-stimulated GLUT4 translocation, which could potentially result in disorder of glucose homeostasis and energy metabolism in skeletal muscle and blood. A mutation of this gene had been identified to be involved in severe obesity disease and human type 2 diabetes ([@b24-ajas-26-11-1529-4]). A lean SJL (Swiss Jim Lambert mouse strain)-specific mutation in the *TBC1D1* gene was found to protect mice from diet induced obesity ([@b3-ajas-26-11-1529-4]). The genotype GA located in intron 2 (g.219G\>A) of *TBC1D1* had a significant effect on ham weight in Italian Large White pigs ([@b7-ajas-26-11-1529-4]). In chicken, whole-genome resequencing of several domestic chickens revealed a divergent selection pattern of *TBC1D1* haplotypes, which would suggest there was direct connection between *TBC1D1* and important production traits ([@b20-ajas-26-11-1529-4]).

In summary, it would be expected that *TBC1D1* can be considered as a candidate gene significantly associated with the obesity-related diseases in human as well as the natural growth pace in farm animals. At present, no study has been carried out to identify its variability and the association analysis of *TBC1D1* with rabbit growth traits. This paper focused on finding out the genetic polymorphisms of *TBC1D1* gene and its association with growth traits in the European white rabbit (EWR) and New Zealand White rabbit (NZW).

MATERIALS AND METHODS
=====================

Growth traits collection and genomic DNA extraction
---------------------------------------------------

A total of 491 commercial meat rabbits were used in this study, including 205 EWR and 286 NZW. The nutritional levels and feeding management were described in our previous study ([@b34-ajas-26-11-1529-4]). The growth traits dataset included body weight (BW) of 35 (BW35), 56 (BW56), and 70 (BW70) day of age. Ear tissues were collected and the genomic DNA was extracted using AxyPrep Genomic DNA Miniprep Kit (Axygen, USA), the DNA was stored at −20°C.

Screening SNP of *TBC1D1*
-------------------------

To scan the genetic polymorphisms of *TBC1D1* gene coding region, five primer pairs were designed according to the *TBC1D1* gene mRNA sequence (GenBank accession NO. XM_002709384.1) using Premier 5.0 ([Table 1](#t1-ajas-26-11-1529-4){ref-type="table"}). For each primer pair, 20 rabbits were randomly selected from 491 individuals for mutational analysis. The 30 μL PCR reaction volume included 15 μL 2× Taq PCR MasterMix (TIANGEN, Beijing, China), 3 μL cDNA template (20 ng/μL), 9.6 μL ddH~2~O, 1.2 μL of each primer (10 pmol/μL). The PCR reaction was performed with the following conditions: one initial denaturation cycle at 95°C for 4 min, followed by 34 cycles of 95°C for 30 s, 50°C to 61°C for 30 to 45 s and 72°C for 40 to 80 s, end with an extension cycle at 72°C for 10 min. The purified PCR products were directly sequenced on a 3700 DNA sequencer in both directions using the BigDye Terminator sequencing kit (Applied Biosystems, Foster City, CA, USA), according to the manufacturer's instructions.

Genotyping using high-resolution melting (HRM)
----------------------------------------------

Primer pair of HRM214F and HRM214R ([Table 1](#t1-ajas-26-11-1529-4){ref-type="table"}) was designed to amplify the 90 bp fragment containing the target SNP of c.214G\>A, which was further subjected to HRM analysis. HRM analysis was performed on the Rotor-Gene Q series real-time PCR detection system (Corbett Research Pty Ltd, Sydney, Australia). The 10 μL reaction volume contained 5 μL 1×SsoFast EvaGreen supermix (Bio-Rad, USA), 1 μL DNA template (20 ng/μL), 3.2 μL ddH~2~O, 0.4 μL of each primer (10 pmol/μL), which was pipetted into each well on the 72-well PCR plate. The PCR profile was as following: one initial denaturation cycle at 98°C for 3 min, 35 cycles of 98°C for 5 s, 62.1°C for 30 s, subsequently 95°C for 10 s. Each run contained a non-template control (NTC) and three known genotype individuals including wild-type, heterozygote, homozygote from sequencing verified reference sequence types as the standards. Genotyping of each sample was repeated twice in the same run. The high-resolution melting data was analyzed with the precision melt analysis software (Corbett Research Pty Ltd, Sydney, Australia).

Statistical analysis
--------------------

The DNA sequences were assembled and analyzed with the DNAstar program (DNAS Inc, Madison, WI, USA). The localization prediction of rabbit *TBC1D1* gene mutations was obtained with SMART web server ([@b13-ajas-26-11-1529-4]). HRM curve data was analyzed with the Analysis-only Rotor-Gene Q series software VIRTUAL MODE software (Corbett Research Pty Ltd, Sydney, Australia). Allele frequencies, genotype frequencies, heterozygosity (He), effective number of alleles (Ne) and Polymorphic Information Content (PIC) were estimated based on the previous study ([@b2-ajas-26-11-1529-4]). The *x*^2^ analysis was used to test for deviation of genotype from Hardy Weinberg Equilibrium (HWE). The associations of genotypes with the growth traits were carried out by the least-squares method as applied in the General Linear Model (GLM) procedure of SAS 9.2 program. The statistical model as follows: $$\text{Y}_{\text{ijkl}} = \mu + \text{G}_{\text{i}} + \text{M}_{\text{j}} + \text{P}_{\text{k}} + \text{e}_{\text{ijkl}}$$

Where Y~ijkl~ was a record of the trait, μ was the overall mean of observations, G~i~ was the gender effect, M~j~ was the fixed genotype effect, P~k~ was the fixed born time effect, and e~ijkl~ was the residual error.

RESULTS AND DISCUSSION
======================

Identification of SNP in rabbit *TBC1D1*
----------------------------------------

Genetic polymorphism of *TBC1D1* in rabbit has not been reported before, we first scanned the coding region of the *TBC1D1* to detect potential SNPs in rabbit. A total of 12 SNPs were detected and all of them were distributed over five exons region ([Figure 1](#f1-ajas-26-11-1529-4){ref-type="fig"}). Among them, there was only one non-synonymous mutation (c.214G\>A) which was detected in exon 1 and resulted in the amino acid change from glycine to arginine (G72R). In porcine *TBC1D1* gene, three synonymous mutations (g.40A\>G, g.151C\>T, and g.172G\>A) were also observed, which were located in exon 2; other two mutations (g.219G\>A and g.252G\>A) were located in intron 2 and the g.219G\>A mutation was correlated with some growth traits and slaughter traits ([@b7-ajas-26-11-1529-4]). In the human *TBC1D1* gene, a non-synonymous mutation (R125W, rs35859249) was observed which showed an association with higher risk of obesity ([@b24-ajas-26-11-1529-4]; [@b16-ajas-26-11-1529-4]).

The prediction of rabbit TBC1D1 domains showed that the two PTB domains spanned the amino acids 16 to 164 and 168 to 387, respectively; the TBC domain spanned from the amino acids 800 to 1020; a coiled coil spanned amino acids 1077 to 1132, the remains were lower conserved sequences. Among the 12 SNPs, seven synonymous mutations (c.2451G\>A, c.2514A\>G, c.2535G\>A, c.2589G\>A, c.2763T\>C, c.2844T\>C, c.2937G\>T) were located in the TBC domain of TBC1D1 in rabbit. The TBC domain is known for its Rab GAP activity and regulation of Rab family small molecular weight GTPases ([@b28-ajas-26-11-1529-4]). In a previous study, a mutation in the *tbc1d1* gene in SJL strain mice resulted in a truncated protein absence of the TBC Rab-GTPase-activative protein domain which suppressed high-fat diet-induced obesity ([@b3-ajas-26-11-1529-4]). It suggested that the functional mutation in TBC domain may play a potential role in regulating energy metabolism. We detected only seven synonymous mutations in this region; more individuals need to be sequenced to explore the extent of non-synonymous mutations in the TBC domain. The non-synonymous mutation c.214G\>A (p.G72R) and other four synonymous mutations (c.153T\>C, c.252A\>G, c.564G\>A, c.591G\>A) were located in two PTB domains, respectively. As mentioned previously, the two PTB domains located in N-terminus of TBC1D1 were conserved in AS160. The PTB domain is typically involved in targeting protein to the appropriate cellular location or interacting with a binding partner ([@b14-ajas-26-11-1529-4]). The protein holding PTB domain possesses powerful functions including the ability to bind inositol phosphates and/to other proteins which is dependent on the phosphorylation status of tyrosine residues on the binding partner ([@b32-ajas-26-11-1529-4]). In previous studies, a R125W mutation in TBC1D1 located in PTB domain was associated with obesity susceptibility in humans ([@b24-ajas-26-11-1529-4]; [@b16-ajas-26-11-1529-4]). Some other studies have proved that altering an R in TBC1D1 at a position corresponding G72 affected the binding properties of the PTB domain ([@b35-ajas-26-11-1529-4]; [@b31-ajas-26-11-1529-4]). Thus, we could presume that G72R mutation may be linked to the binding of TBC1D1 to the binding partner known as Akt in a PI3-kinase-dependent manner ([@b11-ajas-26-11-1529-4]) which would have immediate effect on growth traits. To prove the hypothesis, c.214G\>A was selected to carry out the association analysis with growth traits in the rabbit.

The evidence accumulated over the past decade also suggests that synonymous mutations could have functional consequences that can result in an aberrant mRNA splice, affecting mRNA stability and thus protein expression and enzymatic activity. The synonymous mutations were also demonstrated to affect protein conformation and have function and clinical consequence. In future studies regarding TBC1D1 and growth traits, the effects of synonymous mutations should be considered in our research ([@b22-ajas-26-11-1529-4]).

Genotyping of SNP in rabbit *TBC1D1* by HRM
-------------------------------------------

High-resolution melting (HRM) analysis is a relatively new post-PCR analysis method used to identify variations in nucleic acid sequences. This method is based on detecting small differences in PCR melting curves and is enabled by improved dsDNA-binding dyes used in conjunction with real-time PCR instrumentation. In the presence of the fluorescent DNA intercalating dye and unlabeled oligonucleotide probes, the change in stability of DNA duplexes induced by subtle sequence variation is monitored as the temperature of the solution increases ([@b15-ajas-26-11-1529-4]). Therefore, the shape of the melting curve changes with the sequence variation ([@b17-ajas-26-11-1529-4]). Since different genotypes have unique melt curves and Tm, it is possible to identify the two homozygotes according to Tm directly and to discern the heterozygotes based on Tm and the changes in the shapes of the melt curves as compared to homozygotes ([@b18-ajas-26-11-1529-4]). In previous studies, genotyping by HRM showed high sensitivity and specificity ([@b29-ajas-26-11-1529-4]; [@b9-ajas-26-11-1529-4]; [@b15-ajas-26-11-1529-4]). To assess the sensitivity and specificity of HRM in the present study, we undertook direct sequencing of 36 samples on the same plate. The sensitivity and specificity of HRM for c.214G\>A mutation detection were 0.97 \[35 true positive/(35 true positive+1 fasle negative)\], and 0.98 \[71 true negative/(1 false positive+71 true negative)\], respectively. The results were consistent with previous studies. Therefore, HRM analysis was used to genotype the c.214 G\>A of *TBC1D1* in two rabbit breeds and the normalized graphs produced by analyzing amplified fragment of the three different genotypes are presented in [Figure 2](#f2-ajas-26-11-1529-4){ref-type="fig"}.

Genotype and allele frequencies in exon 1 of *TBC1D1* in rabbit
---------------------------------------------------------------

The genotype and allele frequencies of c.214G\>A in exon 1 of *TBC1D1* in two rabbit breeds are shown in [Table 2](#t2-ajas-26-11-1529-4){ref-type="table"}. Allele A was the predominant allele with frequencies of 0.78 in EWR and 0.67 in NZW, respectively. The frequencies of genotype AA for EWR and NZW were the highest (0.64 and 0.49, respectively). The polymorphic site showed low heterozygosity (He = 0.35) and moderate polymorphism information content (0.25\<PIC\<0.50) in EWR, high heterozygosity (He = 0.44) and moderate polymorphism information content (0.25\<PIC\<0.50) in NZW. The genetic diversity indicated higher genetic variation and a selective potentiality in NZW which could be expected to gain more genetic progress, while the lower genetic variation in EWR was probably due to the long-term artificial selection which made the negative allele frequency reduction ([@b1-ajas-26-11-1529-4]; [@b5-ajas-26-11-1529-4]). Genotype frequencies of c.214G\>A were not in HWE in either EWR (*x*^2^ = 7.790, p = 0.020) or NZW (*x*^2^ = 11.002, p = 0.004), the number of AA homozymous subjects was higher than expected in both breeds, the potential cause would be the population dynamics resulted from the inbreeding of livestock that led to an increased frequency of homozygotes ([@b23-ajas-26-11-1529-4]). In order to efficiently analyze genetic variation, more unrelated individuals and breeds need to be included in the study.

Association between *TBC1D1* genotypes and growth traits in rabbits
-------------------------------------------------------------------

In the present study, the association analysis suggested that different genotypes had significant effects on the BW35, rabbits with genotypes GA and AA had higher 35 d BW than those with genotype GG in both EWR (p\<0.01) and NEW (p\<0.05). But the *TBC1D1* genotypes had no significant association with other growth traits (p\>0.05) ([Table 3](#t3-ajas-26-11-1529-4){ref-type="table"}). In previous studies, a single nucleotide polymorphism (g.219A) located in intron 2 of porcine *TBC1D1* had a significant association with higher ham weight and average daily gain (ADG) in Italian Large White pigs, the less frequent genotype g.219GA showed a lower ham weight and ADG ([@b7-ajas-26-11-1529-4]). In chicken, the *TBC1D1* haplotype was significant for body weight at 12 weeks of age in broilers ([@b20-ajas-26-11-1529-4]; [@b10-ajas-26-11-1529-4]). The *TBC1D1* with R125W mutation was associated with obesity susceptibility in childhood and adult humans ([@b24-ajas-26-11-1529-4]; [@b16-ajas-26-11-1529-4]). These results indicated that the TBC1D1 may be involved in rapid postnatal growth resulted from the energy metabolism in muscle and fat as genotypes at some of SNPs in *TBC1D1* were associated with growth traits. Due to the negative genotype GG for c.214 G\>A variant in *TBC1D1* having a low frequency, groups with genotype GG had lower weight during postnatal growth than groups with AA and GA in both EWR and NZW. These effects indicated that the c.214G\>A polymorphism of *TBC1D1* was involved in regulating growth traits in rabbit. The groups with allele A had a positive effect on caloric shift which could lead advantageous growth in rabbit.

The proposed function for TBC1D1 was reasonable for its role involved in systemic energy balance by regulating the transport of GLUT4 or GLUT1 into cells. We predicted that the c.214G\>A occurring in the protein interaction domain altered interaction of TBC1D1 with a binding partner known as Akt in insulin-induced glucose metabolism. The abnormal interaction may alter caloric disposal in insulin sensitive tissues, furthermore, the genotypes AA and GA had a positive effect on this process. When a high energy source is required for a rapid postnatal growth carried out around weaning, the groups with genotypes AA and GA have higher ability to uptake glucose for predominant binding of TBC1D1 to a binding partner and accumulate higher WB35 in two breeds. This speculation is supported in New Zealand obese (NZO) mice which present a feature of early-onset obesity and are highly susceptible to weight gain when fed a high-fat diet. Studies regarding NZO identified some dietary fat-responsive genetic loci and *TBC1D1* was one of the genes in the Nob1.24 segment which was a suppressor of high-fat diet-induced obesity and the *TBC1D1* gene mRNA expression was upregulated in high-fat diet energy metabolism ([@b4-ajas-26-11-1529-4]; [@b27-ajas-26-11-1529-4]; [@b30-ajas-26-11-1529-4]). Therefore, when a well-distributed growth is carried out in early development before 70 d of age for rabbit, the binding of TBC1D1 to Rab targets in glucose metabolism induced by energy source keeps a relatively stable state that had no significant effect on WB56 and WB70 in the present study. These results were also consistent with the function of TBC1D1 that is a regulator of either glucose or fatty acid transporter to achieve systemic energy balance by regulating the calories in cells ([@b12-ajas-26-11-1529-4]; [@b19-ajas-26-11-1529-4]). Obviously, further experiments would be carried out to prove the precise molecular mechanism of TBC1D1 as well as the PTB domains of TBC1D1 involving in insulin-stimulated glucose metabolism, including the comparison of enzymatic activity among the alternative genotypes.

CONCLUSION
==========

In the present study, one non-synonymous c.214G\>A in *TBC1D1* gene was first revealed to be significantly associated with early postnatal growth traits in rabbit. This would indicate that TBC1D1 is positively involved in the growth regulation. However, further functional investigation is necessary to explore the biological implication caused by or linked to this mutation.
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###### 

Primer sequences, PCR product sizes, Tm value and location

  Primers                   Primer sequences (5′→3′)    Product (bp)   Annealing (°C)   Location
  ------------------------- --------------------------- -------------- ---------------- ------------
  Seq1                      F:TGGGCAGACCTCCAGAAAG       1,342          62.0             Exon1--9
  R:GATGTCCAGCCTAAAGCGAGT                                                               
  Seq2                      F:GAGCATCCTGTCCCGAGGTAATA   1,436          60.0             Exon9--18
  R:CGAAGACTCTGGCGACAAATC                                                               
  Seq3                      F:GATGTGCCATACAAAGAACTCC    806            59.2             Exon15--20
  R:TCAAGGAGGTCAAGGTTCTGT                                                               
  Seq4                      F:CACCATTTGTAGCCTTTCTATG    716            57.0             Exon1
  R:CCCTCCGCAACTTACTTTT                                                                 
  Seq5                      F:GAGCCCATCCCTGAAGTGTT      697            57.0             Exon20
  R:CGTGTCCATGCCATCTAAAGC                                                               
  HRM214                    F:TTCCAGAAAGGAGCCCGTGAC     90             62.1             c.214G\>A
  R:GGTTGACTCTTGCCCAGGT                                                                 

###### 

The frequencies of allele and genotype of the c.214G\>A variation site

  Breeds   Sample (n)   Genotype frequency   Allele frequency   Genetic characteristic                               
  -------- ------------ -------------------- ------------------ ------------------------ ------ ------ ------ ------ ------
  EWR      205          131 (0.64)           57 (0.28)          17 (0.08)                0.78   0.22   0.35   0.29   1.53
  NEW      286          140 (0.49)           102 (0.36)         44 (0.15)                0.67   0.33   0.44   0.35   1.80

The numbers in the brackets are the genotype frequency for the respective genotypes.

He = Heterozygosity. PIC = Polymorphism information content. Ne = Effective number of alleles.

###### 

Least square means of growth traits of different genotypes

  Traits            Breeds           Genotype         p                                 
  ----------------- ---------------- ---------------- ---------------- ---------------- --------
  35-d-weight (g)   EWR              1,026±10.67^A^   1,012±16.18^A^   938.8±29.36^B^   \<0.01
  NEW               619.2±11.80^a^   636.4±13.87^a^   561.1±21.07^b^   \<0.01           
  56-d-weight (g)   EWR              1,888±20.71      1,893±32.66      1,776 ±55.70     0.13
  NEW               1,081±17.56      1,109±20.81      1,062±31.54      0.21             
  70-d-weight (g)   EWR              2,381±19.70      2,369±29.32      2,363±95.76      0.72
  NEW               1,360±22.14      1,359±25.91      1,358±40.27      0.96             

Different lowercase letters and capital letters mean significant difference at 0.05 and 0.01 levels, respectively.

NEW = New Zealand white rabbit; EWR = European white rabbit.
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